Gibberellin (GA) levels in leaf sheaths and in elongating leaf selected ion monitoring, was 7 times higher in elongating leaf bases of perennial ryegrass (Lolium perenne L. cv. Bravo) bases than in mature leaf sheaths. In both leaf tissues, defoliation induced an increase in GA 53 level, while GA 20 and GA 1 were monitored in undefoliated and defoliated plants. Nine C-13-hydroxylated GAs (GA 8 , GA 97 , GA 29 , GA 1 , GA 20 , levels decreased, suggesting that the GA 53 GA 44 , as well as GA 19 GA 20 , conversions were slowed down. The roles of GA 44 , GA 19 , GA 17 , GA 53 ) and one C-13-non-hydroxylated GA 1 in the control of leaf elongation and fructan mobilization GA (GA 9 ) were identified by combined gas chromatographymass spectrometry in leaf extracts. The total level of GA 8
Introduction
Grasses are extremely well adapted to being grazed or cut, because the stem and leaf meristems are generally located close to the soil surface beyond the reach of animals and machines and because the carbon and nitrogen reserves available for regrowth are situated in the basal part of the leaves (Richards 1993) . After defoliation, removed photosynthetic tissue needs to be compensated as soon as possible in order to restore plant maintenance and storage to normal levels. During the first two days following defoliation, shoot growth of Lolium perenne relied predominantly on reserve mobilization from both sheaths and elongating leaf bases (Morvan et al. 1997 , De Visser et al. 1997 .
Defoliation induces a shift from carbon storage, particularly as fructans, to their conversion to soluble sugars. Hormones may regulate such changes from accumulation to mobilization of carbohydrates, or vice versa, during germination, spring growth and leaf senescence, but metabolite levels may also be important. For instance, Perata et al. (1997) reported recently that the induction of h-amylase by gibberellin A 3 (GA 3 ) in barley seeds during germination is Abbre6iations -FEH, fructan exohydrolase; GA (n) , gibberellin A (n) ; KRI, Kovats retention index; MeTMSi, methyl trimethylsilyl. Physiol. Plant. 111, 2001 invertase activity in elongating pea shoots could result in a significant increase in the pool of hexoses required for primary cell wall biosynthesis (Wu et al. 1993) . GAs also promote cell wall extensibility by increasing xyloglucan endotransglycosylase activity, resulting in cell wall loosening, thereby allowing turgor-driven elongation to occur (Smith et al. 1996 , Matsukura et al. 1998 . In some but not all cases, defoliation can enhance leaf and tiller regrowth. This compensatory response has been observed in Agropyron, Festuca, Panicum (Wallace 1981 , Wolf and Parrish 1982 , Volenec and Nelson 1983 , Olson and Richards 1988 and also in L. perenne (A. Morvan-Bertrand, J. Boucaud, J. Le Saos, M. P. Prud'homme, unpublished results).
The role of GAs as mediators of environmental stimuli is well established. Factors, such as photoperiod and temperature, can modify GA metabolism by changing the flux through specific steps in the biosynthetic pathway. Our long-term goal is to characterize the mediators of defoliation stimuli, as well as the signal-transduction pathway(s) that enable reserve mobilization for plant regrowth after blade removal. Because our earlier studies have indicated that GAs could be involved in the regulation of fructan mobilization and the initiation of new leaf growth (Morvan et al. 1997) , we were particularly interested in examining changes in endogenous GAs in respect to defoliation. Therefore, the objective of the present study was to identify and quantify endogenous GAs in L. perenne in order to evaluate the influence of defoliation on their contents in the remaining tissues composed of fully expanded leaf sheaths and the enclosed elongating parts of immature leaves.
Materials and methods

Plant material
Seeds of L. perenne L. cv. Bravo were germinated and grown in a greenhouse for 8 weeks in a nutrient solution, as described previously by Gonzalez et al. (1989) . The nutrient solution was aerated continuously and replaced every fifth day. Photoperiod was 16 h (natural light plus extra light of 110 mmol m − 2 s − 1 from Phyto tubes, Claude, GTE, Puteaux, France) and temperature was 24°C during the light and 18°C in the dark period.
Harvest of plant material for GA analysis
For identification of GAs, 15 g dry weight of leaf sheaths and 5 g dry weight of elongating leaf bases were harvested from 2-month-old plants. For quantitative analysis of GAs, similar aged plants were defoliated 4.5 cm above the ground level at 08.00 (2 h after the beginning of the photoperiod). Immediately after defoliation and then after 1.5, 3, 6, 12, 24 and 72 h, the remaining shoot tissues were separated as shown in Fig. 1 into leaf sheaths (two replicate samples of about 0.55 g dry weight each) and elongating leaf bases (two replicate samples of about 0.15 g dry weight each). Simultaneously, leaf sheaths and elongating leaf bases were harvested in undefoliated plants. Samples were always limited to the 4.5 cm stubble left after defoliation. Thus, new leaves emerging above the stubble during the regrowth period were removed. All the leaf tissues samples were frozen at −80°C, lyophilized and reduced to powder.
Qualitative analysis of GAs
Qualitative analysis for GA identification was done, as described by Junttila et al. (1997) , except that samples were not methylated prior to high-performance liquid chromatography (HPLC) fractionation. HPLC fractions were assayed for GA-like activity using the dwarf rice mutant cv. Tanginbozu (Murakami 1968 , Nishijima et al. 1992 . Biological activities were compared to those of GA 3 . HPLC fractions (1-min fractions, i.e., 2 ml) were combined into 6 groups according to their activity in the bioassay (fractions 6-9, 10 -13, 18, 20 -22, 23 -25 and 26 -27 min) . The 6 groups were methylated with etheral diazomethane, dissolved in 1 ml methanol, run through a 0.1-g Bond Elute aminopropyl cartridge (Varian Inc, Palo Alto, CA, USA), dried and trimethylsilylated in 12 ml of N-methyl-O-trimethylsilyltrifluoroacetamide (MSTFA; Pierce, Rockford, IL, USA; 100°C, 10 min). The samples, dissolved in heptane or MSTFA, were subjected to gas chromatography-mass spectrometry (GC-MS; Junttila et al. 1997) . A solution of Parafilm in n-hexane was added for determining the Kovats retention index (KRI) values (Kovats 1958 ) of putative GAs. Ions were generated at 70 eV and spectra recorded by scanning from 180 to 600 atomic mass units at a rate of approximately 1 scan s
. GA references were obtained from Prof. L. N. Mander (Australian National University, Canberra). Table 1 . GAs found in reverse-phase HPLC fractions from purified extracts of ryegrass leaf bases. Identifications were based on comparison of full-scan electron impact mass spectra and retention indices of MeTMSi derivates with those of authentic reference compounds (obtained from L. N. Mander, Australian National University, Canberra). KRI is the retention index on a column of 5% phenyl in dimethylpolysiloxane. 
GA
Quantitative analysis of GAs
Freeze-dried samples were homogenized and processed according to Junttila et al. (1997) Table 1 shows GAs identified by comparing mass spectra and KRI values with those of authentic GAs. Identifications were first performed with extracts of growing leaf bases, and then the occurrence of all GAs was confirmed in extracts of mature leaf sheaths. Thus, in leaf tissues of 8-week-old plants of perennial ryegrass, 9 C-13-hydroxylated GAs (GA 8 , GA 97 , GA 29 , GA 1 , GA 20 , GA 44 , GA 19 , GA 17 and GA 53 ) and one C-13-non-hydroxylated GA (GA 9 ) were identified.
Results
Identification of GAs in leaf tissues
Distribution of GAs in mature leaf sheaths and in elongating leaf bases
The amounts of GA 53 , GA 44 , GA 19 , GA 20 , GA 1 , GA 29 and GA 8 in leaf tissues of L. perenne were estimated by GC-SIM using deuterated GAs as internal standards (Fig. 2) . At the start of the experiment, the total amount of the quantified GAs was 7 times higher in elongating leaf bases than in mature leaf sheaths (550 and 74 ng g − 1 dry weight, respectively). The smallest difference between the two tissues was observed for GA 53 ( ×4.5) and the largest for GA 1 (×30; Fig. 2 ). In both types of leaf tissue, GA 19 was clearly the most abundant GA, accounting for about half of the total amount of the quantified GAs (Fig. 2) . The second most abundant GA was GA 8 , which accounted for about 30% of the total. GA 1 was the least abundant GA in mature leaf sheaths ( Fig. 2A) , whereas GA 20 was the least abundant GA in elongating leaf bases (Fig. 2B) . Physiol. Plant. 111, 2001 Effects of defoliation on GA levels
In both types of leaf tissue, the level of GA 53 increased during the day following defoliation and became higher than the undefoliated control from 12 h after defoliation. It decreased progressively during the 2 following days, but remained above that of the control. This defoliation effect was more pronounced in elongating leaf bases (Fig. 2B ) than in mature leaf sheaths (Fig. 2A) .
The level of GA 44 decreased sharply during the first hours following defoliation in both leaf tissues, while it remained roughly stable in undefoliated plant during the same period. Therefore, after 12 and 24 h of regrowth, in mature leaf sheaths and in elongating leaf bases, respectively, the level of GA 44 dropped to about half of the level in undefoliated controls. After the first day, there were no further changes in the level of GA 44 .
The level of GA 19 decreased during the first part of the light period in mature leaf sheaths of defoliated plants, as was also found for control plants. However, by contrast with undefoliated plants, the level of GA 19 did not increase during the second part of the light period, but remained at a low level and even slightly decreased during the night in defoliated plant. Consequently, the level of GA 19 in mature Fig. 2 . Changes of GA levels in mature leaf sheaths (A) and in elongating leaf bases (B) of L. perenne in defoliated ( ) and undefoliated () plant. The dark period is indicated by solid bars. Each value is the mean of two replicate samples. Vertical bars indicate9SD when larger than the symbol. Physiol. Plant. 111, 2001 leaf sheaths of defoliated plants was only 35% that of the control at the end of the third day. The level of GA 19 in elongating leaf bases was not much affected by defoliation.
In both tissues studied, the level of GA 20 decreased sharply immediately following defoliation, while it increased transiently during the same period in undefoliated plants. As a consequence, the level of GA 20 was substantially lowered in defoliated than in control plant after 12 h of regrowth. During the next 60 h, the level of GA 20 in mature leaf sheaths remained lower in defoliated than in control plant, while no difference was observed in elongating leaf bases.
Shortly after defoliation, the GA 1 content of mature leaf sheaths increased transiently, while it started to decline immediately in elongating leaf bases. Afterwards, the level of GA 1 decreased rapidly in both types of leaf tissue and stayed low for the remainder of the 3-day period investigated. After 3 days of regrowth, the level of GA 1 was 40 and 25% of that of undefoliated control in mature leaf sheaths and in elongating leaf bases, respectively.
During the first 12 h of regrowth, the GA 29 level in mature leaf sheaths was not affected by defoliation. Afterwards, it remained at the same level in defoliated plant, while in the control it increased between 12 and 24 h and decreased slightly thereafter. The level of GA 8 was not markedly affected by defoliation in elongating leaf bases, but in mature leaf sheaths, it was slightly lower in defoliated than in undefoliated plant.
In mature leaf sheaths, the overall level of the quantified GAs decreased from 74.4 ng g − 1 dry weight at defoliation to 40.6 ng g − 1 dry weight 3 days later, which is 55% lower than in undefoliated plants (73.9 ng g − 1 dry weight). By contrast, in elongating leaf bases, there was only a slight and insignificant reduction of the total GA level during the same period (from 550 in defoliated plant to 538 ng g − 1 dry weight in control plant).
Discussion
Occurrence of GAs
Except for GA 9 , all GAs found in leaf tissue of L. perenne were C-13-hydroxylated, strongly suggesting that the early C-13-hydroxylation pathway, GA 53 GA 44 GA 19 GA 20 GA 1 GA 8 (Phinney 1984) , is operating in perennial ryegrass, as seems to be the case in the majority of species studied, including monocotyledons (Graebe 1987) . Recently all these GAs, as well as GA 3 , were identified in fully expanded leaves of Lolium temulentum (Gocal et al. 1999) . The total level of the 7 GAs that were measured quantitatively was about 7 times higher in the actively growing leaf bases than in the non-elongating mature leaf sheaths. GA 1 , considered to be the growth hormone in plants containing mainly C-13-hydroxylated GAs, was 15 -30 times more abundant in elongating leaf bases than in the older leaf sheaths of undefoliated plant, suggesting its role as the growth hormone also in perennial ryegrass.
GA 19 accounted for about 45% of the quantified GAs. Similar high levels of GA 19 have been reported in other Poaceae species, e.g., rice (Kobayashi et al. 1988) , maize (Fujioka et al. 1988) , barley (Croker et al. 1990 ), Sorghum bicolor (Rood et al. 1986 ) and also in Poa pratensis (Junttila et al. 1997) , which is a perennial temperate grass like L. perenne. However, in the annual species L. temulentum, the level of GA 19 in leaves was only half of that of GA 8 (Gocal et al. 1999 ) and was much lower (around 2 ng g − 1 dry weight) than the level found in L. perenne leaf sheaths. The high level of GA 19 , especially when compared to those of GA 20 , suggests that GA 19 could function as a GA reservoir (Kurogochi et al. 1979) and that the GA 19 GA 20 conversion is under tight regulation. In agreement with this assumption, concentrations of the GAs leading up to GA 19 in the pathway, GA 53 and GA 44 , were several times higher than those of GA 20 and GA 1 .
The amount of GA 97 was not measured due to lack of internal standard. However, this recently discovered 2i-hydroxylated C 20 -GA (Mander et al. 1996) was present in easily detectable quantities, and its possible role as an inactivated form of the rather abundant GA 53 cannot be ruled out. Jensen et al. (1996) proposed that in Campanula isophylla GA 97 could represent an alternative shunt from GA 53 under conditions when the production of GA 1 is reduced. Considering 2i-hydroxylation of C 19 -GAs, GA 29 was always present in rather low concentrations, comparable to those of the most likely parent molecule, GA 20 . However, GA 8 , regarded as the immediate inactivation product of GA 1 , was found in much higher quantities than its precursor. GA 8 catabolite (Hedden and Kamiya 1997) was not detected in L. perenne.
The presence of GA 17 in leaf tissues of L. perenne indicates that GA 19 might be converted to GA 17 , as well as to GA 20 . However, GA 17 was present in low amounts in L. perenne, and its possible role in the plant is not known. GA 4 , the 3i-hydroxylated active form of GA 9 was not detected in L. perenne, while it was found in substantial amount in leaves of L. temulentum (Gocal et al. 1999 ).
Effects of defoliation on GA metabolim
The increase in the level of GA 53 during the light period was enhanced in defoliated plant, suggesting that defoliation induced an increase in the synthesis of GA 53 , or more likely, a reduction in the GA 53 GA 44 conversion since the level of GA 44 decreased simultaneously. The slight increase of GA 20 level early in the day was reversed by defoliation, which induced a strong and immediate decrease of this GA. This drop of GA 20 may occur through a decrease in GA 20 biosynthesis from GA 19 and/or through an increased rate of GA 20 2i-hydroxylation (GA 20 GA 29 ) or GA 20 3i-hydroxylation (GA 20 GA 1 ). Since, in defoliated plants, the level of GA 29 did not increase and the level of GA 1 was decreased simultaneously with the reduction of GA 20 level, it is likely that GA 20 2i-and 3i-hydroxylase activities were not affected by defoliation. This implies that defoliation possibly induced a decrease in GA 19 GA 20 conversion. Altogether, the results in Fig. 2 suggest that defoliation decreased the activity of GA 20 -oxidase, and especially the C 20 -oxidation of GA 53 and GA 19 . Physiol. Plant. 111, 2001 A possible reduction of GA 20 -oxidase activities is supported by the fact that the concentration of ascorbate is reduced in the stubble during the first 2 days after defoliation of L. perenne (L. Piquery, J. P. Billard, C. Huault, personal communication), and the presence of ascorbate is necessary for maximal activity of 2-oxoglutarate-dependent dioxygenases, including GA 20 -oxidases (Hedden 1997) , possibly acting by maintaining the cofactor Fe 2 + in its reduced form. Since ascorbate may be synthesized from glucose-6-phosphate or fructose-6-phosphate (Wheeler et al. 1998) , the strong decrease of glucose and fructose contents observed in both mature leaf sheaths and elongating leaf bases following defoliation (Morvan-Bertrand et al. 1999) could lead to such a reduction in ascorbate levels.
The role of GA 1 in the refoliation process Several reports show that shoot elongation is tightly related to the level of endogenous GA 1 (Ingram et al. 1986 , Ross et al. 1989 , Talon and Zeevaart 1990 , Zeevaart and Gage 1993 , Olsen et al. 1995 , Jensen et al. 1996 , Grindal et al. 1998 , MacKenzie-Hose et al. 1998 ). However, leaf elongation rate was slightly increased during the first hours following defoliation (A. Morvan-Bertrand, J. Boucaud, J. Le Saos, M. P. Prud'homme, unpublished results), while GA 1 level dropped in the elongating leaf (Fig. 2B) . Thus, leaf elongation in L. perenne does not seem to be proportionally related to the level of GA 1 . Lack of correlation between growth and content of GA 1 has previously been observed in P. pratense (Junttila et al. 1997) and S. bicolor (Lee et al. 1998 ) after transfer from short to long days. Another possibility is that the level of GA 1 is not homogeneously distributed along the axis of the leaf elongating bases and that following defoliation, it decreased, but remained high enough in the cell division and elongation zones to maintain the leaf growth. Growth following defoliation could also result from changed sensitivity to GAs or from a non-GA-mediated mechanism.
In addition to their role in shoot growth, GAs are known to regulate the expression of hydrolases, such as h-amylase during germination (Perata et al. 1997 ) and invertase during stem elongation (Kaufman et al. 1968 , 1973 , Wu et al. 1993 . Defoliation induced a strong and rapid increase in FEH activity simultaneously with a depletion of fructan content in elongating leaf bases of L. perenne (Morvan et al. 1997) . Moreover, the increase in activity of FEH was strongly inhibited by an inhibitor of the biosynthesis of GA, uniconazole, and this inhibition was reversed by a simultaneous treatment with GA 3 . Thus, these earlier results suggested that the increase of FEH activity following defoliation was mediated by a biosynthesis of GAs (Morvan et al. 1997) . However, the present study shows that the decrease of GA 1 level following defoliation occurred simultaneously ( Fig. 2B) with the increase of FEH activity in elongating leaf base and in mature leaf sheaths (A. MorvanBertrand, J. Boucaud, J. Le Saos, M. P. Prud'homme, unpublished results). So, it is unlikely that GA 1 is positively involved in the control of FEH activity during regrowth. Therefore, the effect of uniconazole previously observed on FEH activity could be mediated by changes in growth regulators other than GAs, since uniconazole is not a specific inhibitor of GA biosynthesis (Izumi and Oshio 1990, Zhou and Leul 1998) .
